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Spectroscopic factors of neutron-hole and proton-hole states in 131Sn and 131In, respectively, were
measured using one-nucleon removal reactions from doubly magic 132Sn at relativistic energies. For 131In, a
2910(50)-keV γ ray was observed for the first time and tentatively assigned to a decay from a 5=2− state
at 3275(50) keV to the known 1=2− level at 365 keV. The spectroscopic factors determined for this new
excited state and three other single-hole states provide first evidence for a strong fragmentation of single-
hole strength in 131Sn and 131In. The experimental results are compared to theoretical calculations based on
the relativistic particle-vibration coupling model and to experimental information for single-hole states in
the stable doubly magic nucleus 208Pb.
DOI: 10.1103/PhysRevLett.124.022501
One of themain pillars for understanding nuclear structure
is the nuclear shell model, in which nucleons occupy single-
particle orbitals under the influence of an average potential
created by the interactions among all nucleons. Its predictive
power was first demonstrated 70 years ago when the naive
independent particle shell-model description was able to
explain the large energy gaps, that appear in nuclei for some
particular values of the number of protons and neutrons
(magic numbers), with the inclusion of a strong attractive
spin-orbit force [1,2]. In this picture, the occupation prob-
abilities for the single-particle and single-hole states in the
odd neighbors of a good doubly magic nucleus, near the
Fermi surface, should be unity. However, for the stable
magic nucleus 208Pb it is experimentally established that
several single-particle states show a significant degree of
depletion [3,4]. The description of fragmentation of single-
particle strengths near the Fermi surface is typically the
realm of the nuclear shell model. In addition, short-range
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correlations displace a fraction of strength to much higher
energies [5,6], while coupling to collective vibrations drives
additional fragmentation and the removal of strength from
states close to the Fermi surface [7,8]. Due to the low
excitation energyof the octupole 3− state at 2.61MeVand the
absence of positive parity states below 4MeV, it ismainly the
strong octupole coupling between the high-spin intruder
orbital nlj and its nðl − 3Þj−3 partner in each of the four
quadrants around 208Pb which is responsible for the frag-
mentation. Later on, extended calculations including also the
coupling to the giant resonances were presented [9]. Finally,
very sophisticated calculations within (i) a relativistic par-
ticle-vibration coupling (PVC) model based on covariant
density functional theory [10,11] and (ii) a fully self-con-
sistent PVC approach within the framework of Skyrme
energy density functional theory [12] have been performed
which describe the experimental spectroscopic factors (SF)
of single-particle levels around 208Pb reasonably well.
For the neutron-rich doubly magic 132Sn, experimental
information is much more scarce. The excitation energies
of several single-particle states are still experimentally
unknown and SF have only been measured for some
neutron states in 131;133Sn employing transfer reactions
with a low-energy radioactive 132Sn beam [13–16]. Since
the collective octupole state in 132Sn has a much higher
excitation energy of 4.35 MeV, as compared to the 3− state
in 208Pb (2.61 MeV), and both this 3− and the first excited
2þ state show significantly smaller collectivity [17], one
may expect the single-particle strength around 132Sn to be
less fragmented as compared to 208Pb.
In this Letter, we report on the measurement of the
spectroscopic factors of the 1d5=2 and 0g7=2 neutron-hole
states in 131Sn and the 1p3=2 and 0f5=2 proton-hole states in
131In using one-nucleon removal reactions at relativistic
energies. For the first time, the γ decay of the 0f5=2 state in
131In has been observed thus completing the set of proton-
hole states in the Z ¼ 28–50 major shell. The experimental
results will be compared to both theoretical work and
experimental information in the 208Pb region.
The experiment was performed at the radioactive isotope
beam factory (RIBF), operated by the RIKEN Nishina
Center and the Center for Nuclear Study of the University
of Tokyo. A primary beam of 238U at 345 MeV=u with an
intensity of 12 pnA bombarded a 4-mm thick beryllium
target located at the entrance of the BigRIPS fragment
separator [18]. Fission fragments around 132Sn were
selected and purified employing the Bρ-ΔE-Bρ method.
Then, the atomic number (Z) and the mass-over-charge
ratio (A=q) of each ion were determined using the ΔE-Bρ-
TOF method [19] before impinging on a 335ð34Þ mg=cm2
liquid helium reaction target [20]. Reaction products were
identified in the ZeroDegree spectrometer [18] using again
the ΔE-Bρ-TOF method. Figure 1(a) shows the particle
identification plot of the ZeroDegree spectrometer for the
132Sn secondary beam impinging on the helium target with





FIG. 1. (a) ZeroDegree particle identification plot for the 132Sn beam impinging on the helium reaction target. (b) γ-ray energy vs time
matrix for 131Sn measured with the LaBr3 detectors. Doppler-corrected γ-ray spectra of 131Sn populated via one-neutron removal from
132Sn measured with (c) the NaI and (d) the LaBr3 detectors. (e), (f) Same as (c), (d) for 131In populated via one-proton removal. In (c)–(f)
the fit to the experimental spectrum (red solid line) is the sum of the background (blue dashed line) and the simulated response functions
for the observed transitions (filled curves). In (c), (e) only events with multiplicity Mγ ¼ 1 are considered in order to reduce the
background. The insets in (c) and (e) show the level schemes of 131Sn and 131In, respectively.
PHYSICAL REVIEW LETTERS 124, 022501 (2020)
022501-2
To detect γ radiation emitted in the decay of excited
states of the reaction products, an array consisting of two
different types of detectors was placed around the target: 96
NaI(Tl) scintillator crystals of the DALI2 spectrometer [21]
covering polar angles θ ¼ 50°–150° and eight large-volume
LaBr3∶Ce scintillator detectors of the HECTORþ array
[22] at θ ¼ 30°. All detectors were calibrated using 60Co,
88Y and Cm-C sources yielding intrinsic energy resolutions
(FWHM) and photo-peak efficiencies of 6.5%/6.4% (NaI)
and 3.1%/0.9% (LaBr3) for the 1.836-MeV γ ray
emitted by the stationary 88Y source. The excellent time
resolution of the LaBr3 detectors allowed to distinguish the
prompt γ radiation from the background due to particles
which reached the detectors with a delay of 1–2 ns [see
Fig. 1(b)]. The Doppler-corrected γ-ray spectra (β ¼ 0.556
at mid-target) measured with these detectors therefore
exhibit a much better peak-to-background ratio as com-
pared to the corresponding NaI spectra, see Figs. 1(c)–1(f).
Before inspecting Fig. 1 in more detail, it is helpful to
consider the reaction mechanism used here to populate
excited states. The projectile 132Sn is a doubly magic
nucleus with N ¼ 82 and Z ¼ 50. The removal of one
neutron (proton) from an orbital of the completely filled
N ¼ 50–82 (Z ¼ 28–50) major shell populates the corre-
sponding neutron-hole (proton-hole) state in 131Sn (131In).
Except for the 0f5=2 proton-hole state in 131In, all these
levels are known and their decay branches well established
[23–29]. All decays which proceed via the emission of a γ
ray with an energy above the set detection threshold of
900 keV should be observable in the present experiment.
These are the 1655-keVand 2434-keV γ rays emitted in the
decay of the 1d5=2 and 0g7=2 neutron-hole states in 131Sn
and the 988-keV γ ray from the decay of the 1p3=2 proton-
hole state in 131In.
All three expected γ-ray peaks are clearly visible in the
spectra shown in Figs. 1(c)–1(f). In addition, a γ-ray
transition in 131In with an energy of 2910(50) keV is
observed for the first time and in both nuclei additional γ
strength is present at energies above 3.5 MeV. Based on the
arguments presented above, the 2910-keV γ-ray transition
is assigned to the decay of the 0f5=2 proton-hole state in
131In. Assuming an E2 decay to the 1=2− state at 365 keV
[29], an excitation energy of 3275(50) keV is tentatively
assigned to the first excited 5=2− state in 131In. To under-
stand the origin of the broad distribution of γ strength
observed at high energy in both 131Sn and 131In, it has to be
considered that a fraction of the 132Sn ions may reach the
reaction target in the 8þ1 isomeric state which is sufficiently
long lived (T1=2 ¼ 2.080ð17Þ μs [30]) to survive the flight
through the BigRIPS separator. One-nucleon removal
from this excited state (Ex ¼ 4.85 MeV), which is domi-
nated by the νf7=2h−111=2 configuration [31], will populate a
large number of closely lying three-quasi-particle states in
131Sn and 131In at excitation energies above 3.5 MeV
[25,26,29,32–34]. It is assumed that the decay of these
states is responsible for the additional γ strength in the
spectra shown in Figs. 1(c)–1(f).
To determine exclusive one-nucleon removal cross
sections to individual excited states, the experimental
spectra were fitted by the sum of the detector responses
to the observed γ rays simulated using GEANT4 [35] and a
smooth background function. The resulting values are
listed in Table I, together with the measured inclusive
cross sections and theoretical values obtained using
eikonal reaction theory and assuming full occupancy of
all orbitals in the Z ¼ 28–50 and N ¼ 50–82 shells. The
knockout reaction description follows Refs. [36,37], except
that the target, which removes the nucleon from the
projectile in fast, surface-grazing collisions, is 4He. The
absorptive nucleon-target interaction responsible for this
process incorporates the 4He size through its one-body
density [37]. Before SF can be extracted from a comparison
of measured and calculated exclusive cross sections,
various corrections have to be applied. First, the contribu-
tion from events, in which the projectile is excited to high
excitation energies and evaporates a neutron, must be
subtracted from the measured inclusive cross section for
131Sn, σincl ¼ 120ð15Þ mb. INCL calculations [38,39], that
reproduce experimental inclusive cross sections for neutron
removal from several N ¼ 83 isotones [40], suggest this
contribution is ≈23%. Assuming a relative uncertainty of
100% for this contribution, an inclusive direct neutron-
removal cross section of σ1nincl ¼ 92ð30Þ mb is obtained.
TABLE I. Excitation energies (Ex), theoretical single-particle
(σsp) and total (σth) one-nucleon removal cross sections, mea-
sured exclusive cross sections (σexcl), and experimental spectro-
scopic factors (Sexp) for the single-particle states nlj in 131Sn and
131In.
Ex (keV) nlj σsp (mb) σth (mb) σexcl (mb) Sexp
131Sn
0 1d3=2 6.8 27.1      
65 0h11=2 4.7 55.9      
332 2s1=2 7.1 14.3      
1655 1d5=2 5.8 35.0 12.1(19) 0.65(26)
2434 0g7=2 2.8 22.4 5.4(9) 0.46(18)
>3500 11.8(9)
Inclusive cross sections: σth ¼ 154.6 mb, σexp ¼ 120ð15Þ mb
Rs ¼ 0.6ð2Þ
131In
0 0g9=2 3.1 30.8      
365 1p1=2 3.2 6.4      
1353 1p3=2 3.1 12.4 2.3(5) 0.70(21)
3275(50) ð0f5=2Þ 1.7 10.3 0.68(14) 0.25(7)
>3500 2.0(3)
Inclusive cross sections: σth ¼ 60.0 mb, σexp ¼ 18ð3Þ mb
Rs ¼ 0.30ð5Þ
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Second, from the inclusive cross sections,
we obtain quenching factors Rs ¼ σexpincl=σthincl of 0.6(2)
and 0.30(5) for the one-neutron and one-proton removal
reactions, respectively. Furthermore, taking into account
the effective separation-energy differences of ΔS ¼ Sn −
Sp ¼ −7.68 MeV for 131Sn and ΔS ¼ Sp − Sn ¼
9.29 MeV for 131In (with Sp=Sn being the proton- or
neutron-separation energy), these values are in qualitative
agreement with the systematics established in Ref. [41] for
lighter nuclei. For the following discussion of the frag-
mentation of hole strength in 131Sn and 131In relative SF
normalized to the experimentally determined inclusive
cross sections are used. Third, as discussed above, a
fraction of removal events are from the 8þ isomeric state.
To estimate this fraction F it is assumed that removal from
the 8þ isomer always gives rise to the emission of one γ ray
with energy above 3.5 MeV. Consistent values of F ¼
13ð3Þ% and F ¼ 11ð3Þ% were deduced for 131Sn and 131In,
respectively. Mindful of this assumption, a relative error of
100%, i.e., a value of F ¼ 12ð12Þ%, is used in the
following. Finally, spectroscopic factors can be calculated
using Sexp ¼ σexcl=½σthRsð1 − FÞ, see Table I.
Figure 2 summarizes the experimental information con-
cerning SF of single-particle states in the odd neighbors of
132Sn and 208Pb. We omit here the single-proton nuclei 133Sb
and 209Bi since no experimental information on SF is
available for 133Sb. Since the pioneering work of Blomqvist
[42], it is well known that there is a close resemblance
between the shell structures around these two doubly magic
nuclei. Each 132Sn orbital with quantum numbers nlj has
its counterpart with quantum numbers nðlþ 1Þjþ1 around
208Pb. Figure 2 suggests that this analogy also holds for
the spectroscopic factors. The large values measured in
Refs. [13,14] for the 1f7=2, 2p3=2, 2p1=2, and 1f5=2 single-
neutron states in 133Sn are in nice agreement with
those measured for the corresponding orbitals in 209Pb
[see Fig. 2(a)]. Similarly, the reduced values for the 1d5=2
and 0g7=2 neutron-hole states in 131Sn and the 1p3=2 and
0f5=2 proton-hole states in 131In, determined in the present
work, are all in line with the experimental findings for
their counterparts in the 208Pb region [see Figs. 2(b)
and 2(c)]. Comparison of the spectroscopic factors deduced
from different direct reactions, low-energy transfer in
Refs. [13,14,43–61] and intermediate-energy nucleon
removal here, is justified since, in each case, the cross
sections are dictated by the same single-particle overlaps
near the nuclear surface [62]. As discussed earlier, the
depletion of some single-particle states in the 208Pb core, for
example the 1f7=2 state in 207Pb, has been ascribed to the
effects of particle-vibration coupling [8,9], in particular to
the 3−1 state in the
208Pb core. In a recent work, a relativistic
PVC model based on covariant density functional theory
treated simultaneously the coupling to all 2þ, 3−, 4þ, 5−
and 6þ states of the core up to an excitation energy of
15 MeV [11]. The calculated spectroscopic factors are
included in Fig. 2 as dashed lines. A very good overall
agreement with experiment is observed, while some rela-
tively minor discrepancies may point out to missing higher-
order correlations in the current version of the model. To
investigate the origin of the depletion in the nine cases in
which reduced SF were both measured and calculated,
































































FIG. 2. Experimental spectroscopic factors of (a) single-
neutron states in 133Sn and 209Pb, (b) neutron-hole states in
131Sn and 207Pb and (c) proton-hole states in 131In and 207Tl
compared to calculations using the relativistic PVC model
(dashed lines) [11]. At the top (bottom) axis the nðlþ 1Þjþ1
(nlj) orbitals around 208Pb (132Sn) are listed. For the 208Pb core,
average literature values with their standard deviation (squares
and hatched areas) as well as the most recent measurements
(open circles) are included [43–61]. On the left, the single-
particle states are shown. Green (black) arrows connect states
with Δl ¼ Δj ¼ 3 (Δl ¼ Δj ¼ 2).
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couplings to either all 2þ or all 3− states were considered.
The results are summarized in Table II. For the 0j15=2
level in 209Pb (the energy of the corresponding 0i13=2 state
in 133Sn is still unknown), the 1d5=2=1f7=2 levels in
131Sn=207Pb and the 1p3=2=1d5=2 levels in 131In=207Tl,
the calculations clearly show that it is the coupling to
the 3− states which leads to the reduction of the
spectroscopic factor. In all cases the calculations predict
that more than 95% of the single-particle strength is
concentrated in only two states, indicating that actually
only the coupling to the first 3− state is relevant. This
finding agrees with the qualitative expectation. For
example, the mixing of the 0j15=2 level in 209Pb with
the 15=2− member of the 1g9=2 ⊗ 3−1 multiplet is
expected to be stronger than that of the 1g9=2 level with
the 9=2þ member of the 0j15=2 ⊗ 3−1 multiplet, because in
the first case the energy difference between the two states
of equal spin is much smaller.
For the 0g7=2=0h9=2 and 0f5=2=0g7=2 states in the one-
hole nuclei 131Sn=207Pb and 131In=207Tl, the calculations
indicate a more complex situation (see Table II) which
results in a much stronger fragmentation of the single-
particle strength. Considering the single-particle energies
(compare Fig. 2), a coupling to the 2þ states of the cores
can be expected to play a major role here since all these
levels lie 2.8–3.1 MeV above their nðl − 2Þj−2 counter-
parts, which means that the unperturbed nlj single-hole
states are close in energy to the nðl − 2Þj−2 ⊗ 2þ1 multip-
lets. Indeed, reduced SF are obtained in the calculations
which only consider coupling to 2þ states. In addition,
however, all four states are also close in energy to the equal-
spin member of the intruder ⊗ 3−1 multiplet. Therefore,
coupling to the 3− states may also be important as
confirmed by the calculations. Note that in the one-neutron
nuclei 133Sn and 209Pb the situation is different. Here, the
intruder state lies above its nðl − 3Þj−3 partner and, as a
consequence, the intruder ⊗ 3−1 multiplet is far away in
energy from any state it could possibly mix with. In
addition, the coupling to 2þ states is much less favorable
in these cases (see Fig. 2). This may explain why in these
two nuclei only the intruder states are expected to have
reduced spectroscopic factors.
To conclude, we reported the observation of the decay of
a new excited state with an energy of 3275(50) keV in 131In,
populated via one-proton removal from a doubly magic
132Sn beam and tentatively assigned as the 0f5=2 proton-
hole state. In addition, measured spectroscopic factors of
the 1d5=2 and 0g7=2 neutron-hole states in 131Sn and the
1p3=2 and 0f5=2 proton-hole states in 131In were reported
and compared to their analog states in 207Pb and 207Tl and to
a state-of-the-art relativistic PVC model. While the cou-
pling to the first excited 3− states in the core nuclei 132Sn
and 208Pb has been identified as the main origin for the
reduced spectroscopic factors measured for the 1d5=2=1f7=2
single-particle states in 131Sn=207Pb and the 1p3=2=1d5=2
levels in 131In=207Tl, the coupling to more than one
collective state, i.e., more complex coupling scenarios,
are responsible for the strong fragmentation and the
small measured spectroscopic factors in the case of the
0g7=2=0h9=2 states in 131Sn=207Pb and the 0f5=2=0g7=2 levels
in 131In=207Tl.
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